Introduction

!
The lack of physical defences in marine sponges makes them susceptible to marine predators such as fish, turtles, and invertebrates. Thus, it is frequently speculated that sponges have developed a wide range of defensive compounds to deter predators [1, 2] . They also use their defensive chemicals to keep the offspring of small plants and animals (fouling organisms) from settling onto their outer surfaces [3, 4] . These sessile animals are prolific producers of a huge diversity of secondary metabolites that have been discovered over the past years [3, [5] [6] [7] [8] . The genus Callyspongia belongs to the order Haplosclerida, family Callyspongiidae. Members of this genus have provided polyacetylenic compounds including polyacetylenic alcohols [9] , sulphate [10] , hydrocarbons [11] , and amides with diverse activities including antifouling and cytotoxic activities [12] . Moreover, steroidal anti-inflammatory compounds have also been reported from this genus [13] . The gram-negative obligate intracellular human pathogen Chlamydia trachomatis is one of the main causative agents of sexually transmitted diseases and infections of the upper inner eyelid (trachoma) [14, 15] . The ocular disease is caused by C. trachomatis serovar A to C and, if untreated, may result in blindness; it is thus a major problem in developing countries with poor health care [16, 17] . C. trachomatis serovars D to K are responsible for infection of the genital tract, which may lead to pelvic inflammatory disease and infertility, whereas serovars L1, L2, and L3 cause lymphogranuloma venereum, a sexually transmitted infection of the lymph nodes [18, 19] . Chlamydia features a biphasic developmental cycle that occurs in a specialized vacuole, the so-called inclusion. Upon infection, Chlamydia suppresses host cell apoptosis to escape the immune response [20] . The infection is initiated by the elementary bodies (EBs), an infectious and metabolically inert chlamydial form. Within the inclusion, EBs differentiate into a replicative form, named reticulate bodies (RBs). At the end of the developmental cycle, a differentiation of the RBs back to the EBs occurs, thus enabling the new progeny to be released and to initiate a new infectious cycle. RBs are also able to convert to a persistent non-replicative state, which leads to a long-term relationship with the host cell [21] . Reinfection and persistence are the reason for prolonged therapy of chlamydial infections, in which different antibiotics are used, including tetracyclines, azithromycin, or erythromycin. An incompetent administra-
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Marine sponges are rich sources of natural products exhibiting diverse biological activities. Bioactivity-guided fractionation of the Red Sea sponge Callyspongia aff. implexa led to the isolation of two new compounds, 26,27-bisnorcholest-5,16-dien-23-yn-3β,7α-diol, gelliusterol E (1) and C 27 -polyacetylene, callimplexen A (2), in addition to the known compound β-sitosterol (3). The structures of the isolated compounds were determined by 1D-and 2D-NMR techniques as well as highresolution tandem mass spectrometry and by comparison to the literature. The three compounds (1-3) were tested against Chlamydia trachomatis, an obligate intracellular gram-negative bacterium, which is the leading cause of ocular and genital infections worldwide. Only gelliusterol E (1) inhibited the formation and growth of chlamydial inclusions in a dose-dependent manner with an IC 50 value of 2.3 µM. tion of antimicrobial therapy is known to induce persistence of Chlamydia [22] . Additionally, a vaccine is not available against human Chlamydia, which makes it an interesting model organism in search for novel classes of antimicrobial agents. There are few examples of natural products that were found to inhibit chlamydial infections. One is betulin derivatives, of which 32 were examined in vitro against Chlamydia pneumonia. Only betulin dioxime was highly active with an MIC value of 1 µM against strain C. pneumonia CWL-029 [23] . The novel macrocyclic lactones, saccharocarcins A and B, were isolated from the actinomycete Saccharothrix aerocolonigenes subsp. antibiotica SCC 1886 and were active against C. trachomatis serotype H at an MIC value of 0.5 µg/mL [24] . In the present study, we aimed to identify new antichlamydial natural products from Red Sea sponges. We herein report the isolation and structure elucidation of two new metabolites, 26,27-bisnorcholest-5,16-dien-23-yn-3β,7α-diol, gelliusterol E (1) and C 27 -polyacetylene, callimplexen A (2), along with the previously known inactive metabolite β-sitosterol (3), for the first time from Callyspongia aff. implexa. The metabolites were tested for inhibitory effects on the growth of C. trachomatis, and gelliusterol E was found to affect the formation and growth of chlamydial inclusions in a dose-dependent manner. To our knowledge, this is the first report of natural products from this sponge species.
Results and Discussion
!
In our continuing search for new antichlamydial natural products from marine sponges, the methanol-dichloromethane (1 : 1) extract of the lyophilized Red Sea sponge C. aff. implexa showed activity against C. trachomatis. A bioactivity-guided assay was performed to further isolate and characterize the antichlamydial compounds. The crude extract was then fractionated by gel filtration on Diaion HP20 eluting with increasing concentrations of methanol in water. Finally, purification of the bioactive fraction was then accomplished on normal phase HPLC using a dichloromethane (DCM) and ethyl acetate (EtOAc) mixture to afford three compounds, 1-3. Compound 1 was isolated as white powder with the molecular formula of C 25 H 36 O 2 , corresponding to eight degrees of unsaturation. 1 H and 13 C NMR data for 1 (l " Table 1 ) were almost identical to those for gelliusterol A (4), which was previously isolated from the marine sponge Gellius sp. [25] . The two main differences between the 13 C NMR chemical shifts for 1 and 4 were observed at C-16 (δ C 114.2) and C-17 (δ C 147.0), indicating the presence of a trisubstituted double bond instead of methine and methylene carbons at C-17 and C-16. The absolute configuration at C-3 is assumed to be S, the same as gelliusterol A (4) [25] . The relative stereochemistry at other centers was assigned on the basis of a 2D NOESY experiment. The NOESY spectrum showed correlations of H-3 with H-9 and H-14 but no apparent correlations with H-7, H-8, H 3 -18, and H 3 -19 were observed, indicating that H-3, H-9, and H-14 were on the same side of the molecule in the α-orientation while H-7, H-8, H 3 -18, and H 3 -19 were in the opposite direction in the β-orientation. Similar NMR shifts of C-20 with gelliusterol A and other sterols show relative configurations at C-20 [25] . The trivial name gelliusterol E was assigned to the new sterol 1: 26,27-bisnorcholest-5,16-dien-23-yn-3β,7α-diol. Compound 2 was isolated as a yellow oil with the predicted formula of C 27 H 38 (nine degrees of unsaturation). The 1 H NMR spectrum of 2 (l " Table 2 ) showed resonances for one terminal methyl at δ H 0.87 and one terminal acetylene at δ H 3.01 (s, H-1). The IR spectrum also established the presence of terminal acetylenic C-H and the C ≡ C bands [26] . Two olefinic protons for a Z-double bond at C-3/C-4 (J 3,4 10.8 Hz), together with signals for nine methylenes, accounted for the remaining protons in the molecule. Multiplets at δ H 2.15 and 2.33 were assigned to alkyl protons next to the olefinic group. The 
, and H-1/C-2 ( 2 J CH ), determining the location of the terminal acetylene and olefinic carbons. Further support for the C-1/C-11 unit came from comparing the chemical shifts of 2 with aikupikanyne B isolated from the Red See sponge Callyspongia sp. whose 13 C and 1 HNMR spectra are very similar [10] . Significant fragmentation ion peaks (m/z 131, 145, 173, 211, 277, and 333) in the LRMS confirmed the position of the isolated triple bond and supported the structure of 2 (l " Fig. 1 ). Also, a combination of COSY and HMBC experiments and comparison with the spectra of callypentayne, which was isolated from the Japanese sponge Callyspongia sp. [27] , enabled us to establish the structure of 2. The name callimplexen A was assigned to the new C 27 -polyacetylene. More functionalized C 27 -polyacetylenes have been isolated before from a Caribbean sponge, Petrosia sp. [28] . The molecular ion peak of the third compound (3) was afforded by GC-EIMS as m/z 414.34 with the predicted formula of C spectra with those of β-sitosterol (≥ 97%, Sigma-Aldrich), the compound was confirmed as β-sitosterol.
Compounds 1-3 were tested for their antichlamydial activity using epithelial HeLa cells with C. trachomatis as a model system. Only gelliusterol E had an effect on Chlamydia infection, while at the same time, it did not have an adverse effect on host cells (l " Fig. 2 a, b) . Gelliusterol E inhibited the formation and growth of chlamydial inclusions in a dose-dependent manner. HeLa cells were infected in the presence of 1.6, 8.0, and 40.0 µM of gelliusterol E. The higher the concentration of the compound, the smaller the inclusion size (l " Fig. 2 b) . However, there was no fragmentation of inclusions as had been observed with other antichlamydial agents (data not shown). At the highest concentration of 40 µM, no inclusions could be observed at all, analogous to the effect of the tetracycline (Tet) control (l " Fig. 2 a) . The IC 50 value, defined as the concentration at which the size of chlamydial inclusion relative to the cell surface was reduced by 50 %, was 2.34 ± 0.22 µM (l " Fig. 2 c) . The inhibitory effect of gelliusterol E was even greater when we addressed the ability of C. trachomatis to create viable progeny under the treatment with gelliusterol E (l " Fig. 3 a, b ). An EB progeny assay was performed in order to analyze the effect of the compound on the developmental cycle of Chlamydia. HeLa cells were infected with C. trachomatis in the presence of the DMSO and Tet controls and in the presence of 1.6 µM, 8 µM, and 40 µM gelliusterol E. For the analysis of the EB primary infection, the infected cells were harvested after 24 h. A parallel set of samples was infected for 48 h, with the EB progeny being used to infect new cells without any treatment, and these cells were harvested after 24 h. A Western blot was performed with the cell lysates using an anti-β-tubulin antibody as a loading control. For determination of the chlamydial content, an antibody was applied against the chlamydial protein OmpA. As suggested by our previous results, the compound affected the primary infection in a dose-dependent manner -the higher the concentration, the less the chlamydial protein OmpA was detected. However, gelliusterol E also affects the progeny, which is less infectious. At a concentration of 40 µM, practically no viable progeny was formed. Thus, the compound not only inhibits the formation but also affects the developmental cycle of Chlamydia. C. trachomatis is known to acquire lipids necessary for its growth, including cholesterol, from the host cell [29] . Due to the structural similarity of gelliusterol E to cholesterol, we speculate that the substance could be in some way inhibiting the lipid acquisition of the chlamydial inclusion and therefore inhibiting its growth. Recent reports, however, suggest that C. trachomatis can successfully grow in cells defective in cholesterol biosynthesis [30] , but it does not exclude the possibility that gelliusterol E is being recruited to the inclusion, similarly to cholesterol, where it could affect the stability and growth of the inclusion membrane. Future experiments will be performed to explore the exact mechanism of action. In conclusion, two new metabolites, 26,27-bisnorcholest-5,16-dien-23-yn-3β,7α-diol, gelliusterol E (1) and C 27 -polyacetylene, callimplexen A (2), along with the previously known metabolite β-sitosterol (3) were isolated and identified from the Red Sea sponge Callyspongia aff. implexa. An important finding from this study is the potent antichlamydial activity of gelliusterol E against C. trachomatis. This finding highlights the potential of marine sponges for novel bioactivities for biomedical applications. and EtOAc solvent mixture (70% DCM : EtOAc to 100 % EtOAc over 40 min at a flow rate of 5 mL/min), giving three compounds, 1 (11 mg, Rt = 14), 2 (5 mg, Rt = 9) and 3 (38 mg, Rt = 17). 
Materials and Methods
Cell culture
HeLa cells were cultured in RPMI 1640 (Gibco) media supplemented with 10% (v/v) h. i. FBS (Biochrom) at 37°C under 5 % CO 2 . C. trachomatis C2 (L2/434/BU) green fluorescent protein (GFP)-expressing strain was generated essentially as described in Wang et al. [31] .
Antibodies β-Tubulin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz), and the OmpA antibody was raised in rabbits against the cytosolic domain of OmpA carrying a His-tag. Phalloidin647 was obtained from Thermo Scientific and DAPI (4′,6-diamidino-2-phenylindole) from Sigma.
Bioactivity assay
The assay was performed in black bottom 96-well plates (Greiner). 1.2 × 10 4 HeLa cells were seeded per well. Compounds, solubilized in DMSO, were added to final concentrations of 1.6 µM, 8 µM, and 40 µM. To the same amount of DMSO and 11.25 µM tetracycline (Sigma Aldrich, purity 99 %) negative and positive controls were added, respectively. After 1 h incubation, cells were infected with C. trachomatis at MOI 1 for 24 h at 35°C in media supplemented with 5 % h. i. FBS in the presence of the compounds. The cells were then washed with PBS and fixed with 4 % PFA. After washing, cell nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, 0.2 ng/mL) and the actin cytoskeleton with Phalloidin647. The analysis was performed with the Operetta high content imaging system (Perkin Elmer) at six pictures per well and 20× magnification. The ratio between HeLa cell surface and the C. trachomatis inclusion area was calculated by the system. 11 × 10 3 Cells have been analyzed, on average. The calculated percentage of inclusion area of the bioactivity assay was used to determine the IC 50 . A logarithmic trend line was used to calculate the agent concentration at 50 % inclusion surface.
Elementary body progeny assay 4 × 10 5 HeLa cells were seeded in two 12-well plates (plate A and B), which were treated in the same manner. Treatment of the cells with the compounds and infection with bacteria were performed as described in the bioactivity assay. Plate A (primary infection) was harvested after 24 h using Laemmli buffer. Forty-eight h after infection, to allow C. trachomatis to finalize the developmental cycle, host cells of plate B were lysed with glass beads. The progeny infectious particles were released, and 2 µl of the suspension was used to infect fresh HeLa monolayers in a 12-well plate (plate C, progeny infection). After 24 h of infection, plate C was harvested in the same manner as the plate A. Cell lysates were analyzed by Western blot using antibodies against β-tubulin and the chlamydial protein OmpA. The measured OmpA intensities were normalized with the β-tubulin intensities, where the normalization factor was calculated by dividing the β-tubulin intensities with the intensity of the β-tubulin DMSO control.
Supporting information
1D and 2D NMR spectral data of 1 and 2 are available as Supporting Information.
